Murine AIDS (MAIDS) is characterized by splenomegaly, lymphadenopathy, hypergammaglobulinemia, and T-and Bcell dysfunctions (for reviews, see references 30, 43, and 44) . The disease is induced by a defective murine leukemia virus (MuLV) (2, 10) . Although the MAIDS defective virus requires a helper MuLV for replication (2, 11) , we previously found that induction of the immunodeficiency syndrome is not dependent on viral replication, as helper-free stocks of the MAIDS defective virus could induce disease when inoculated into susceptible C57BL/6 mice (27) . We found that in the absence of replicating helper viruses, the MAIDS defective virus could induce marked expansion of its target cells (27, 29) . The majority of these proliferating cells infected by the defective virus were found to belong to the B-cell lineage (29) . Proliferation of these infected B cells appears to be essential for development of the disease, since a close correlation between their proliferation and the susceptibility of several mouse strains to the immunodeficiency syndrome has been observed (28) . However, it is still not clear how infection of these B cells eventually leads to severe dysfunctions of lymphoid T cells. Moreover, the mechanisms by which the MAIDS defective virus causes expansion of its target cells are unknown. The defective viral genome does not harbor an oncogene and appears to encode a single protein, the Pr60 gag precursor (2, 10, 25) . This protein and its location on cell membranes seem necessary and sufficient for the virus to induce rapid expansion of infected target cells (24, 26, 51) . Initially, this proliferation is polyclonal, but it is clonal or oligoclonal in late stages of the disease (29) . The oligoclonality of the infected target cell population observed late in the disease suggests that additional secondary genetic events occur in some infected cells and give them a growth advantage, possibly cooperating with Pr60 gag . For many MuLVs, the activation of cellular proto-oncogenes by provirus integration constitutes an important step in the tumorigenic process (for reviews, see references 36 and 46) . By acting as an insertional mutagen, the provirus can activate gene expression, decrease transcription, or alter gene structure, thus providing a growth advantage for the target cells. Many cellular DNA regions have been identified as common MuLV provirus integration sites, and their rearrangements were found to be involved in the development of virus-induced T-cell leukemia and B-cell lymphomas (36, 46) .
The same strategy of insertional mutagenesis may be used by the MAIDS defective virus to favor the growth of some infected cells. To determine whether the integration of the MAIDS defective viral genome into particular chromosomal regions contributes to the oligoclonal expansion of infected target cells, we searched for common provirus integration sites in enlarged lymphoid organs of MAIDS mice at a late stage of the disease. Here we report the identification of two common MAIDS provirus integration sites. Our results suggest that in addition to coding for Pr60 gag the experiments. Young (30-to 40-day-old) mice were inoculated with helperfree stocks of MAIDS defective virus Du5H/Mo-LTR as described previously (29) . Splenomegaly and lymphadenopathy developed 3 to 5 months postinoculation. Mice were sacrificed, and the enlarged lymphoid organs were then used for further analysis.
DNA extraction and restriction endonuclease digestion. High-molecularweight cellular DNAs were prepared from the enlarged lymphoid organs as previously described (29, 48) . They were digested with various restriction endonucleases (New England Biolabs, Inc., Beverley, Mass.; Boehringer Mannheim Biochemicals, Montréal; Québec, Canada; and P-L Pharmacia, Montreal, Qué-bec, Canada) under conditions recommended by the manufacturers, as previously described (38, 39) . Bacteriophage and plasmid DNAs were prepared essentially as described elsewhere (39) .
Agarose gel electrophoresis and hybridization procedure. Digested DNA samples were electrophoresed on 1% agarose gels and transferred onto nitrocellulose or nylon membranes (Amersham Co., Montréal, Québec, Canada) by the Southern technique (61), as described previously (38, 39, 48) . Specific DNA fragments were detected by hybridization with 32 P-labeled cloned DNA fragments. These cloned DNA fragments were excised from vectors and separated by agarose gel electrophoresis. DNA fragments were isolated by electroelution onto NA45 affinity paper (Schleicher & Schuell), phenol-chloroform extracted, and precipitated with ethanol, as described previously (48) . Probes were labeled by the random priming method with the Klenow fragment of DNA polymerase I in the presence of hexamers (16) . Nitrocellulose filters were hybridized in 50% formamide-3ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-Denhardt solution at 42ЊC. Nylon membranes were hybridized in 4ϫ SET (1ϫ SET contains 0.15 M NaCl, 30 mM Tris, and 2 mM EDTA, pH 7.4) with 0.1% sodium PP i -0.2% sodium dodecyl sulfate (SDS)-10% dextran sulfate-0.5 mg of heparin per ml at 65ЊC for 16 h. After hybridization, all membranes were washed in 2ϫ SSC for 15 min at room temperature, 0.1ϫ SSC-0.1% SDS for 1 h at 65ЊC, and three times, for 2 min each time, in 0.1ϫ SSC at room temperature. Membranes were air dried and exposed on RP-Royal X-Omat film (Eastman Kodak Co., Rochester, N.Y.) with a Cronex Lightning-Plus intensifying screen (DuPont Co., Wilmington, Del.) at Ϫ70ЊC.
Molecular cloning procedure. DNAs E20-1-7 and E1-2-6 from enlarged lymph nodes of MAIDS mice were digested with EcoRI and BamHI, respectively, and centrifuged on a sucrose density gradient (10 to 40%) as previously described (38, 49, 66) . Fractions of 0.5 ml were collected and ethanol precipitated. Aliquots of DNA from each fraction were separated by agarose gel electrophoresis, transferred onto a nylon membrane, and hybridized with a Moloney MuLV U3 long terminal repeat (LTR)-specific probe (29) . Fractions containing 5-to 20-kbp viral fragments were pooled and ligated with EcoRI-cleaved EMBL-4 or BamHI-cleaved EMBL-3 arms. The ligated DNAs were packaged with Gigapack extracts (Stratagene) as described elsewhere (38, 39) . Recombinant phages harboring Du5H/Mo-LTR sequences were identified with the 32 P-labeled Moloney MuLV-U3 LTR-specific probe. Phages were eluted, and their DNA was extracted on a double 5 and 40% glycerol cushion. Inserts were subcloned into plasmid vectors as described elsewhere (39, 49, 66) .
Probes. The Moloney MuLV U3 LTR-specific probe consists of a 0.3-kbp PstI-SacI fragment from a mutated Moloney MuLV LTR (48, 49, 55) . The probes specific for the c-myc (37) 
, and Csfg genes and Spi-1 cDNA (41) have been described elsewhere.
RNA expression analysis. RNA was isolated from various tissues by the method of Chomczynski and Sacchi (13) , separated on 1% formaldehyde-agarose gels, transferred onto nylon membranes, and hybridized as described above. Washings were performed for 15 min at room temperature in 2ϫ SSC, for 1 h at 65ЊC in 0.1ϫ SSC-0.1% SDS, and three times, for 2 min each time, at room temperature in 0.1ϫ SSC.
Genetic crosses. Two multilocus genetic crosses were analyzed to map Dis-1 and Dis-2: (NFS/N or C58J ϫ Mus musculus subsp. musculus) ϫ M. musculus subsp. musculus (35) and (NFS ϫ M. spretus) ϫ M. spretus or C58/J (1). DNAs from the progeny of these crosses have been typed for approximately 700 markers which map to all 19 autosomes and the X chromosome. Blot transfer methods and hybridization probes have been previously described for the following markers on chromosome 2: Sfpi1 (spleen focus-forming virus proviral integration Spi-1/PU.1), Mtap1 (microtubule-associated protein 1), B2m (␤-2 microglobulin), Cyct (cytochrome c, testis), Gad1 (glutamic acid decarboxylase 1), and Hgm1 (HMG box protein gene 1) (1, 9, 23, 47) . We also typed the following chromosome 11 markers as described previously: Scya2 (small inducible cytokine a2, formerly Sigje), Scya6 (small inducible cytokine a6), Fkbprp (FK506 binding protein), Evi-2 (ecotropic viral integration site 2), Hox2 (homeobox 2 cluster), Erb-B2 (avian erythroblastosis virus oncogene B-2), and Wnt3 (wingless-related mouse mammary tumor virus integration site, formerly Int-4) (5, 34, 60) .
Data were stored and analyzed by using the program LOCUS. Percent recombination and standard errors between specific loci were calculated from the number of recombinants as described by Green (22) . Loci were ordered by minimizing the number of double recombinants.
RESULTS

Analysis of proviruses in lymphoid cells infected with MAIDS defective virus Du5H/Mo-LTR.
Helper-free stocks of molecularly cloned MAIDS defective virus Du5H/Mo-LTR induce the clonal proliferation of infected B cells in 100% of inoculated C57BL/6 mice after a relatively short latency period (2 to 6 months). This virus was constructed by exchanging the U3 LTR region of the wild-type MAIDS defective viral genome for the U3 LTR region of the Moloney MuLV (29) . This modification allowed its specific detection with a Moloney MuLV U3 LTR-specific probe. To analyze the structure of the Du5H/Mo-LTR defective proviruses in clonally expanded infected B cells, spleen and lymph node DNAs from MAIDS mice inoculated with this virus were first analyzed by restriction endonucleases with the Moloney MuLV U3 LTR-specific probe.
We chose EcoRI and BamHI for this analysis, as neither of these enzymes cleaves the Du5H/Mo-LTR defective viral genome, thus allowing detection of newly acquired Du5H/Mo-LTR proviruses flanked by cellular sequences. In all of the tumors screened, newly acquired proviruses could be detected by hybridization with the Moloney MuLV U3 LTR-specific probe (Fig. 1) . The presence of discrete bands in all of the samples indicated that the proliferation of the cells infected with the MAIDS defective virus was clonal or oligoclonal in origin. The distinct patterns of provirus integration often seen in different organs of the same animal indicated that a single animal may carry multiple independent clones of tumor cells. These observations confirmed our previous results (29) . In each individual sample, the number of newly acquired proviruses was relatively small and varied from one to three, in contrast to the large number of proviruses normally detected in T-cell tumors induced by various MuLVs (38, 62, 66) .
To study the role of insertional mutagenesis by Du5H/Mo-LTR proviruses in the clonal proliferation of these infected B cells, we first screened a series of infiltrated organ DNAs by using probes specific for various oncogenes which have been reported to be activated by provirus insertions. Probes detecting c-myc, Vin-1, Pal-1, c-myb, Pim-1, Ahi-1, Bmi-1, and Evi-2 were used on 15 DNAs from different mice, all of which exhibit distinct viral integration patterns. These DNAs were digested with restriction enzymes EcoRV, BamHI, and KpnI to screen a relatively large DNA fragment so that in most cases, a proviral insertion close to the oncogene screened would generate a smaller rearranged fragment, which could then be detected easily. Among the 15 DNAs screened, only one showed a rearranged KpnI fragment with the c-myc probe (data not shown). The rearranged fragment was about 12 to 13 kbp long, 3 to 4 kb larger than the unrearranged germ line fragment. Since KpnI cuts the viral genome twice in the LTR R region, insertion of the provirus into this region should have generated a rearranged fragment shorter than the germ line fragment. Therefore, this rearrangement very likely reflects an event unrelated to Du5H/Mo-LTR insertion. The nature of this rearrangement was not investigated further. Therefore, it appears that many of the oncogenes which have been found to be activated by provirus insertion in other MuLV-induced tumors are not targetted by the MAIDS defective provirus.
Cloning of virus-cell junction fragments in lymphoid cells infected with MAIDS defective virus Du5H/Mo-LTR. To further study the role of insertional mutagenesis by Du5H/Mo-LTR proviruses in the clonal outgrowth of infected B cells, the Du5H/Mo-LTR proviruses flanked by their adjacent cellular sequences were cloned from two individual organs. Enlarged lymph nodes E20-1-7 and E1-2-6 from two independent diseased mice were chosen because they contain a small number (two for E20-1-7 and one for E1-2-6) of easily detectable, newly acquired proviral EcoRI (E20-1-7) (29) and BamHI (E1-2-6) (Fig. 1, lane 8 ) fragments of about 10 to 15 kbp. The size-selected EcoRI and BamHI fragments from the DNAs of these organs were ligated to EMBL-4 and EMBL-3 phage arms, respectively, and cloned. Recombinant phages were identified with the 32 P-labeled Moloney MuLV U3 LTR-specific probe.
One of the two detectable EcoRI fragments from DNA E20-1-7 and the single BamHI fragment from DNA E1-2-6 containing viral sequences were successfully cloned, as judged by comigration of EcoRI-and BamHI-cleaved cloned proviral DNAs with proviruses of DNAs from corresponding tumors cleaved with the same enzymes (data not shown). The cloned proviruses from DNAs E20-1-7 and E1-2-6 were then subcloned into plasmid pBR322 and analyzed by restriction endonuclease digestions and Southern blotting with the Moloney MuLV U3 LTR-specific probe. Both of them were found to represent complete Du5H/Mo-LTR genomes (data not shown).
Cellular fragments adjacent to each provirus were subcloned, and those free of repetitive sequences were used as probes to screen other DNAs from infiltrated MAIDS organs to search for common proviral integration sites. By using one of these probes (probe A), derived from one cloned provirus from DNA E20-1-7, we were able to identify rearrangements in DNAs of other organs from different animals with MAIDS (see below). This region, which represents a common proviral integration site, was designated Dis-1 (Du5H integration site 1). Similarly, probe B, derived from the cloned provirus from DNA E1-2-6, also disclosed a common proviral integration site different from Dis-1 (see below). This region was designated Dis-2.
Molecular characterization of the Dis-1 and Dis-2 regions. Crude restriction maps of the Dis-1 and Dis-2 regions were obtained by digestion of healthy C57BL/6 mouse cellular DNA with various restriction endonucleases, alone or in combination, and hybridization with Dis-1 probe A or Dis-2 probe A and/or probe B (data not shown). A summary of these data is presented in Fig. 2 . This analysis allowed us to select appropriate restriction endonucleases to screen for new rearrangements in these regions by using tumor DNAs from other diseased mice, as well as to map more precisely the integration P-labeled Dis-1 probe A. KpnI was chosen because a relatively long region (about 13 kbp) could be screened with probe A and because it cleaves within the LTR of the defective virus. Three tumors (20%), including the original one, had a novel tumor-specific fragment in addition to the germ line fragment of the normal allele (Fig. 3A, lanes 1, 6, and 7) . The same set of tumors was also screened with Dis-2 probe B. This probe is a 0.8-kbp SalI-PstI DNA fragment derived from a cellular sequence exactly adjacent to the 5Ј LTR of integrated provirus in tumor E1-2-6. KpnI cuts the probe once and therefore gave two germ line fragments of about 7.2 and 8 kbp surrounding the provirus integration site in the original tumor (Fig. 3B, lane  1) . In addition to the rearranged fragment detected in the original tumor (E1-2-6) (Fig. 3B, lane 1) , Dis2 probe B detected a novel tumor-specific fragment in another tumor (E1-4-6; Fig. 3B, lane 14) .
Therefore, both Dis-1 and Dis-2 represent common proviral integration sites in cells infected with the MAIDS defective virus. The number of tumors screened is relatively small, so the frequencies at which these regions were occupied by proviruses appear relatively high (20% for Dis-1 and 13% for Dis-2) and very significant, considering the low probability of two independent proviral integration events occurring at random in the same 13-to 15-kbp genomic fragment.
Structural organization of defective proviruses within the Dis-1 and Dis-2 regions. Rearrangements of a given DNA region within the genome of a tumor cell can arise by different molecular mechanisms. To determine whether the rearrangements detected with KpnI within the Dis-1 and Dis-2 regions indeed reflected the integration of MAIDS defective provirus Du5H/Mo-LTR, to map each of them more precisely, and to identify their transcriptional orientation, we performed a restriction analysis of the organ DNAs where rearrangements were found.
Dis-1 probe A detected a 13-kbp KpnI germ line fragment in normal tissues. Additional KpnI fragments of about 7.5, 9.5, and 9 kbp were detected in organ DNAs E20-1-7, E20-3-1, and E20-4-1, respectively (Fig. 3A, lanes 1, 6, and 7) , suggesting the presence of a provirus in the Dis-1 region of these DNAs, thus introducing a KpnI site within the 13-kbp germ line fragment. As the cloned integrated provirus in the original E20-1-7 organ was mapped precisely, we completed this analysis for the other two organ DNAs, E20-3-1 and E20-4-1, with restriction enzymes KpnI-EcoRV, EcoRV, PstI, and HindIII (Fig. 4A) . In DNAs from healthy C57BL/6 mice, Dis-1 probe A detected a single EcoRV fragment of about 23 kbp, while novel fragments of 4.3 and 3.8 kbp were detected in DNAs E20-3-1 and E20-4-1, respectively. With PstI, Dis-1 probe A detected a novel 3.2-kbp fragment (in addition to the 2.7-kbp germ line fragment) in E20-3-1 DNA, while no clearly distinct novel fragment was detectable from E20-4-1 DNA. With HindIII, probe A detected a novel 3.9-kbp fragment and a novel 3.4-kbp fragment in the E20-3-1 and E20-4-1 DNAs, respectively, in addition to the 3.5-kbp germ line fragment. These results are consistent with the presence of a Du5H/Mo-LTR provirus integrated upstream of Dis-1 probe A in organ DNAs E20-3-1 and E20-4-1 and about 1.3 to 1.8 kbp upstream of the provirus integration site in the original tumor, E20-1-7. This analysis also allowed determination of the provirus orientation. The presence of a novel HindIII site at about 1.1 kbp upstream from the novel EcoRV and PstI sites is consistent with the presence of a Du5H/Mo-LTR provirus (which harbors HindIII, EcoRV, and PstI sites in the middle of the genome [HindIII] or in the LTR region [EcoRV and PstI], respectively) oriented toward probe A in the Dis-1 region. Furthermore, when DNAs E20-3-1 and E20-4-1 were double digested with KpnI and EcoRV, the novel fragments (Fig. 4A, lanes 1 and 9) were about 0.3 kbp shorter than the corresponding novel fragments from the same samples digested by EcoRV alone (Fig.  4A, lanes 2 and 10) . Since a KpnI site is located ϳ300 bp downstream of the EcoRV site in the proviral LTR, these results further confirmed the orientation of the provirus in these two tumors (Fig. 4B) . Rehybridization of the same filter with the Moloney MuLV U3 LTR-specific probe (data not shown) confirmed that the newly acquired Dis-1 probe A-hybridizing EcoRV, PstI, or HindIII fragments from these two organs all contain Moloney MuLV LTR sequences.
A similar analysis was performed to localize the Du5H/Mo-LTR provirus inserted within the Dis-2 region of E1-4-6 DNA. While Dis-2 probe B detected a novel 0.7-kbp KpnI fragment in the original E1-2-6 tumor DNA (Fig. 3B, lane 1) , it showed a novel 6.7-kbp KpnI fragment in E1-4-6 DNA (Fig. 3B, lane  14) , in addition to the normal germ line 7.2-and 8-kbp fragments. Since probe B detected two KpnI fragments, the 6.7-kbp rearranged fragment could be derived from either of them (Fig. 2) and the provirus in this tumor could be integrated on either side of this KpnI site. However, when the DNA was 4) and E20-4-1 (lanes 9 to 12) and spleen DNA from a healthy, uninoculated C57BL/6 mouse (lanes 5 to 8) digested with KpnI-EcoRV (lanes 1, 5, and 9), EcoRV (lanes 2, 6, and 10), PstI (lanes 3, 7 and 11), or HindIII (lanes 4, 8, and 12). Hybridization was with Dis-1-specific probe A. (B) Partial restriction endonuclease maps and representations of some digested fragments of C57BL/6 mouse Dis-1 germ line DNA and of the rearranged Dis-1 sequence in tumors E20-3-1 and E20-4-1. (C) MAIDS DNA E1-4-6 (lanes 2, 3, 5, and 7) and spleen DNA from a healthy, uninoculated C57BL/6 mouse (lanes 1, 4, 6, and 8) digested with KpnI (lanes 1 and 2) , KpnI-EcoRV (lanes 3 and 4), HindIII (lanes 5 and 6), or HindIII-EcoRV (lanes 7 and 8). Hybridization was with Dis-2-specific probe A (Pro. A). Partial restriction endonuclease maps and representations of some digested fragments of C57BL/6 mouse Dis-2 germ line DNA and the rearranged Dis-2 region in tumor E1-4-6 are shown underneath. The thick lines represent viral sequences, the closed boxes represent Dis-1 probe A and Dis-2 probe A or B, and the thin lines represent cellular Dis-1 and Dis-2 sequences. Lanes M contained molecular size markers. Restriction endonucleases: E, EcoRI; H, HindIII; K, KpnI; P, PstI; RV(R), EcoRV; S1, SalI; Xb, XbaI.
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on February 20, 2013 by PENN STATE UNIV http://jvi.asm.org/ double digested with HindIII and EcoRV and hybridized with another probe, Dis-2 probe A (which is a 0.5-kbp cellular fragment just upstream of Dis-2 probe B), a novel fragment could still be detected (Fig. 4C, lane 7) , indicating that the integration site of this provirus was upstream of the probe B KpnI site, namely, in the longer KpnI fragment detected by probe B. Thus, on the basis of results obtained with probe B, the provirus either was integrated about 6.2 kbp upstream of the probe B KpnI site and is oriented away from probe B or was integrated 6.6 kbp upstream of the KpnI site and is oriented toward probe B. To locate it more precisely, the DNAs were digested with KpnI alone or with KpnI and EcoRV and then hybridized with Dis-2 probe A. In sample E1-4-6, a novel 6.7-kbp KpnI fragment was detected (Fig. 4C, lane 2) , while KpnI-EcoRV double digestion of this sample resulted in a 6.3-kbp fragment which also hybridized with this probe (Fig.  4C, lane 3) . Since the EcoRV sites are located at the 5Ј region upstream of the KpnI site in the viral LTR, this result indicated that the provirus was inserted 6.2 kbp upstream of the probe B KpnI site and is oriented away from probe B. In agreement with this, the novel HindIII-EcoRV fragment of E1-4-6 DNA, which hybridized with probe A, was about 6.2 kbp long (Fig.  4C, lane 7) . The opposite orientation of an inserted provirus would have given rise to a 6.9-kbp fragment. This result was further confirmed by using Dis-2 probe A on E1-4-6 DNA digested with HindIII alone. A novel and faint 9.4-kbp fragment was detected in addition to the 8.8-kbp germ line fragment (Fig. 4C, lane 5) . Had the provirus been integrated at the other putative site, as described above, the faint rearranged fragment would have been 1.3 kbp smaller. Interestingly, the three proviruses detected within the Dis-1 region were all inserted in the same transcriptional orientation, while the two proviruses in the Dis-2 region were inserted in opposite directions.
Dis-1 maps to murine chromosome 2, and Dis-2 maps to murine chromosome 11. The chromosome locations of Dis-1 and Dis-2 were established by analysis of the progeny of two multilocus crosses. For Dis-1, DNAs of parental NFS/N and M. musculus subsp. musculus mice produced XbaI fragments of 8.7 and 8.4 kb, respectively. Digestion with BglII produced an NFS/N fragment of 2.7 kb and an M. spretus fragment of 3.0 kb. For Dis-2, EcoRI fragments of 2.3 and 25.0 kb were identified in NFS/N and M. musculus subsp. musculus DNAs, respectively, and PvuII fragments of 2.5 and 3.2 kb were detected in NFS and M. spretus DNAs. Progeny of both crosses were typed for inheritance of the polymorphic fragments, and the inheritance patterns were compared with inheritance of approximately 700 markers previously typed and mapped in these crosses. Results indicated that Dis-1 maps to mouse chromosome 2 at or near the previously described preferred viral integration site, Sfpi1. No recombinants were detected in the 176 mice typed for Dis-1 and Sfpi1. This indicates that, at the 95% confidence level, these genes are within 1.7 centimorgans.
Examination of the inheritance of Dis-2 in both crosses indicated that it maps to a region of chromosome 11 which contains a number of genes which have been implicated in oncogenesis, including Evi-2, Erb-B2, Erb-A, Csfg, and Ngfr. The progeny of one or both of our crosses were typed for Evi-2 and Erb-B2, as well as the more distal locus Wnt3. In all cases, we identified recombinants between Dis-2 and each of these loci, indicating that none of these genes is a candidate for Dis-2. The map location of Dis-2 proximal to Hox2 further indicates that Dis-2 is distinct from the Erb-A and Csfg loci, which have been positioned distal to Hox2 (7) . Furthermore, our data show that Dis-2 is about 9 centimorgans from Hox2.
Since the Hox2 cluster and Ngfr are located within a Ͻ150-kbp region (4), we conclude that Dis-2 is also distinct from Ngfr.
In further studies, DNAs from C57BL/6 mice were digested by EcoRI or HindIII and hybridized with probes specific for the Erb-A, Erb-B2, and Csfg genes. We found that the lengths of the fragments hybridizing with these probes were different from those of Dis-2 (data not shown), also suggesting that Dis-2 is distinct from either of these loci. Therefore, Dis-2 appears to be a novel gene likely to be involved in the proliferation of B cells infected by the MAIDS defective virus.
The Dis-1 region corresponds to the Spi-1/PU.1 locus. Since the linkage analysis indicated that Dis-1 was very close to the Spi-1 locus, it was of interest to compare the genomic organization of the Dis-1 and Spi-1 regions and their possible identity. Spi-1 was initially identified as a common proviral integration site in spleen focus-forming virus-induced murine erythroleukemias (42, 45) and later found also to be involved in other erythroleukemias (40) . We first compared the restriction maps of these two regions. The restriction endonuclease map of Dis-1 was very similar to the reported map of the Spi-1 region, although some differences were observed (Fig. 5) . This suggested the identity of Dis-1 with an area 15 kbp upstream of the protein-encoding domain of the Spi-1 gene. To confirm this identity, we used a 0.3-kbp EcoRI-SacI Spi-1 DNA fragment specific for DNA sequences 14 to 15 kbp upstream of the Spi-1 coding region (Fig. 5A) as a probe (Spi-1 probe A) (45) to hybridize to the Dis-1 cloned DNA fragment. We found that both Dis-1 probe A (Fig. 5 shows the location) and the cloned Dis-1 fragment ( Fig. 2A) digested by several restriction enzymes could all be detected with Spi-1 probe A in Southern blot analysis, as expected (data not shown), indicating the relatedness of these sequences. Furthermore, the Spi-1-specific probe was used to screen the same 15 organ DNAs from MAIDS animals previously screened with the Dis-1 probe (Fig.  3A) . The three organs showing Dis-1 rearrangements also showed rearrangements when the Spi-1 probe was used (Fig.  6) . Together, these results indicated that the Dis-1 region corresponds to the Spi-1 locus.
Dis-1-Spi-1 RNA expression is increased in organs exhibiting rearrangement within the Dis-1-Spi-1 locus. Provirus integration within the Spi-1 locus has previously been reported to increase expression of the Spi-1 gene (41, 42) . To determine whether integration of this Du5H/Mo-LTR defective MAIDS provirus also affects Spi-1 gene expression, we extracted total RNAs from various MAIDS organs, including some with and some without DNA rearrangements in the Dis-1-Spi-1 locus, and hybridized these with a Spi-1 cDNA probe (41) . Spi-1 expression was weak in spleens of healthy, uninoculated mice (Fig. 7, lanes 8 and 9) . The expression was clearly increased in all of the infiltrated MAIDS mouse organs screened. However, in all five organs from three diseased MAIDS mice which showed provirus insertion within the Dis-1-Spi-1 region, the levels of Spi-1 RNA were two to three times higher (Fig. 7,  lanes 3 to 7) than those of organs without proviral insertion in this region (Fig. 7, lanes 1 to 2) . This result suggested that Spi-1 expression was upregulated as a result of MAIDS defective provirus integration upstream of this oncogene.
DISCUSSION
MAIDS defective proviruses act as insertion mutagens.
We have previously reported that the lymphoid cells infected by the MAIDS defective virus in enlarged lymphoid organs of diseased mice represent oligoclonal proliferation (27, 29) . This result suggested that secondary genetic events, in addition to the Pr60 gag viral protein, contributed to this oligoclonal outgrowth. In the present study, we investigated whether the MAIDS defective provirus acts as an insertional mutagen to participate in the proliferation of infected target cells. Insertional mutagenesis by proviruses has previously been shown to be an important mechanism of oncogenesis in tumors induced by several different replication-competent MuLVs (36, 46) . As with proviruses from replicating helper MuLVs, two common defective proviral integration sites (Dis-1 and Dis-2) were identified in enlarged organs of MAIDS-diseased mice. The frequencies of provirus occupancy of these loci are not very high (20% for Dis-1 and 13% for Dis-2). However, the chance of two random integration events occurring in a 30-kbp region is only about 10 Ϫ10 (46). Although factors like nucleosomes, DNA-binding proteins, and DNA sequences may modulate retroviral integration target site selection and result in some ''hot spots'' for the insertion (20, 52) , these factors are unlikely to explain the phenomenon observed here, since identification of Dis-1 and Dis-2 was done in cells which showed a selective growth advantage. While Dis-2 appears to be a novel locus possibly harboring a gene involved in cell proliferation, the Dis-1 locus was found to represent the proto-oncogene Sfpi1 (Spi-1/PU.1) locus. As shown by our data, c-myc was not found to be a frequent target for the MAIDS defective provirus in organs of diseased mice inoculated with the helper-free MAIDS defective virus. A similar observation was made by Klinken et al. (33) , who inoculated mice with replicating MAIDS virus stocks containing various helper MuLVs. The only organ where the c-myc locus was found to be rearranged did not exhibit detectable clonal rearrangement of the J H or C region but showed a clonal TcR␤ rearrangement, suggesting the expansion of a T-cell clone. In contrast, in the present study, the clonal population of cells infected by the MAIDS defective virus was of the B-cell lineage.
Since oligoclonal proliferation of the B cells infected by the MAIDS defective virus was found in all screened organs of diseased mice late after infection, and since the Dis-1-Sfpi1 and Dis-2 loci were the targets of provirus insertion in only a small fraction of these organs, it is to be expected that some other loci contributing to this proliferation could be identified by the same strategy. As a precedent for this, van Lohuizen et al. (64) reported that four distinct loci were involved in cooperating with the E-myc transgene independently, resulting in dramatic acceleration, through different pathways, of pre-Bcell lymphomagenesis in the animals.
The Spi-1/PU.1 locus is a target of provirus insertion in target cells infected with the MAIDS defective virus. Spi-1 was first identified as a common integration site in a very high percentage (95%) of spleen focus-forming virus-induced murine erythroleukemias (42) . By sequence comparison, the product of the Sfpi1 gene (Spi-1) was soon found to correspond to the PU.1 protein (19) and was identified independently as a transcription factor (32) and, more specifically, as a member of FIG. 6 . Detection of rearrangements with the Spi-1 and Dis-1 probes. The filter shown in Fig. 3A, containing 15 DNAs from MAIDS organs, was washed and rehybridized with Spi-1-specific probe A. The three DNAs which show a rearrangement within Spi-1 (lanes 1, 6, and 7) also showed a rearrangement in the Dis-1 region (Fig. 3A) . The asterisks indicate the faint rearranged bands in lane 1. (58) , and the macrophage colony-stimulating factor (67) and glucocorticoidinducible genes (18) . It may also be involved in the regulation of the promoter of lentiviruses (8, 63) . The putative oncogene identity of Spi-1 was strongly suggested by the rearrangement of this locus in 95% of the virus-induced erythroid tumors (42) . In addition, Spi-1 has also been found to play a critical role in Rauscher MuLV-induced murine acute erythroleukemias (40) . In long-term bone marrow cultures, PU.1 expression was shown to rapidly and efficiently immortalize erythroblasts (57), while chemicals which reduced PU.1 expression restored the erythropoietic differentiation program (56) . In the present study, the MAIDS defective provirus was inserted within the Dis-1-Sfpi1 locus of B cells, which have been found to constitute the majority of the infected cell population when helperfree stocks of the virus are used. To our knowledge, this is the first report of rearrangements of the Sfpi1 (Spi-1/PU.1) locus detected in proliferating B cells. The consequence of provirus integration within the Dis-1-Sfpi1 locus appears to be modestly increased expression of this gene compared with the levels found in enlarged MAIDS lymphoid organs exhibiting no rearrangement. However, the level of Dis-1-Sfpi1 expression in normal spleens is much lower, suggesting that uninfected cells or cells exhibiting no Dis-1 rearrangement present in MAIDS organs also exhibit higher levels of Dis-1-Sfpi1 RNA. The small number of infected cells frequently detected in enlarged organs of MAIDS mice may mask higher levels of expression in these cells. Alternatively, modest enhancement of gene expression over that found in other proliferating cells may be sufficient to provide a selective growth advantage for cells harboring the integration close to Dis-1-Sfpi1.
Identification of a new locus, Dis-2, as a target for provirus integration in cells infected by the MAIDS defective virus. The Dis-2 locus maps on mouse chromosome 11, in the vicinity of Erb-A, Erb-B2, and Csfg, and appears to be a novel locus. Interestingly, the two proviruses inserted in the Dis-2 region were in opposite orientation. A similar pattern has been observed within the Evi-3 region in some B-cell lymphomas (31) . This contrasts with the usual pattern of integration of proviruses, in the same transcriptional orientation, seen around most genes targetted by MuLV proviruses, including the Dis-1-Sfpi1 gene described here. Like the Dis-1-Sfpi1 locus, the Dis-2 region is likely to harbor a gene involved in growth regulation, possibly specific to B cells. We looked in several tissues for the presence of Dis-2 specific RNA with a few of the unique-copy Dis-2 probes available, but this search was unsuccessful. Additional work is needed to identify the putative Dis-2-encoding gene dysregulated by the provirus integrations observed.
Development of MAIDS and clonal proliferation of infected B cells. The clonal or oligoclonal proliferation of B cells infected by the MAIDS defective virus is a relatively late event in the course of MAIDS and has been strongly correlated with the development of immune dysfunctions (28) . Early after infection with the virus, this proliferation has been shown to be polyclonal (29) . This polyclonal proliferation of infected B cells is also accompanied by early development of immune defects (59) , suggesting that expansion of selected clones of infected B cells is not required for initiation of MAIDS and that all infected B cells contribute to this phenotype. The present study represents an important step toward the understanding of this polyclonal-to-oligoclonal transition by showing that the MAIDS defective virus can act as an insertional mutagen, activating a cellular oncogene(s), thus giving some infected cells an additional growth advantage. The provirus integrations in the vicinity of Dis-1-Sfpi1, Dis-2 or other, unknown loci are very likely to represent an early event, since nonreplicating helper-free stocks of the virus were used. Therefore, the growth advantage provided by these provirus integrations is likely to be modest, as they require a relatively long time (two to three months) before being detectable with the Southern technique used. An alternative possibility that may be less likely is that provirus insertions in Dis-1 or Dis-2 have no effect on cell growth by themselves and require the cooperation of other genes activated (or inactivated) later to promote monoor oligoclonal cell growth. The modest effect of provirus insertions in Dis-1 and Dis-2, coupled with the fact that several common proviral integration sites appear to be targetted, suggests that the deregulation of each of these targetted loci is not essential for proliferation of infected B cells or development of immune dysregulation. This appears to contrast with the very frequent activation (95%) of one locus, Spi-1, by provirus in spleen focus-forming virus-induced erythroleukemia. Interestingly, our present data rule out a model of B-cell proliferation after infection with MAIDS defective viruses whereby only cells having sustained a specific integration event in the vicinity of a selected class of genes would acquire the ability to grow and to induce T-cell dysfunctions.
Therefore, the rapid proliferation of B cells infected by the MAIDS defective virus is most likely the consequence of early expression of the Pr60 gag protein encoded by this virus and does not appear to be related primarily to a specific integration event of the defective provirus. The Pr60 gag protein, in its myristylated form, has recently been shown to be required for development of MAIDS (24, 26, 51) . It remains to be determined how the Pr60 gag protein triggers the proliferation of its target B cells and how the proliferating, most likely reprogrammed, B cells induce a state of T-cell anergy. Our present results suggest that these events are not triggered by deregulation of a specific gene through provirus integration. However, it is very likely that the Pr60 gag protein induces B cells to produce a factor(s) which directly or indirectly contributes to T-cell anergy.
